The current study describes a new endophytic species Muscodor camphora from internal stem tissue of Cinnamomum camphora. The fungus produces white hairy colonies over potato dextrose agar medium with sterile ropy mycelial filaments and hyphal coils. Scanning electron micrographs exhibited that they form dense hyphal web, which club to form rope-like mycelium and coils. Phylogenetic, genetic distance and haplotype analyses based on internal transcribed spacer confirm its identity as a new species in the genus Muscodor. The fungus also produces a unique mixture of 18 volatile organic compounds predominantly producing tetracontane, 4-octadecylmorpholine, N, Ndimethyl-1-pentadecanamine and cis-9-hexadecenal. These volatiles exhibited synergistic inhibitory effect over a tested spectrum of pathogenic microorganisms. Out of 15 tested pathogenic microorganisms, the volatile organic compounds inhibit the growth of fungal pathogens by 13-70 %, while considerable inhibition was observed against Candida, Staphylococcus and Pseudomonas species.
Introduction
Over the last two decades, it has become evident that plants hold enormous diversity of microorganisms within their tissues referred to as 'endophytes' (Arnold et al. 2001 , Schulz & Boyle 2005 , Strobel 2006 , Murali et al. 2007 , Hyde & Soytong 2008 , Rodriguez et al. 2009 , Peay et al. 2010 . Endophytes have been recognised as promising sources of bioactive compounds as well as putative phytochemicals such as ambuic acid, camptothecin, isopestacin and paclitaxel which find applications in medicine, industry and agriculture (Strobel & Daisy 2003 , Suryanarayanan et al. 2009 , Gutierrez et al. 2012 . Muscodor is a genus of sterile, volatile producing endophytic fungi with antimicrobial properties (Strobel et al. 2001 , Zhang et al. 2010 . The genus came into existence after the discovery of Muscodor albus, an endophytic fungus isolated from the branch of Cinnamomum zeylanicum growing in the Lancetilla Botanical garden in Honduras (Worapong et al. 2001 ). Unique to the genus was its sterility and musky odour attributed to mixture of volatile organic compounds (VOCs) produced by it which possessed potential antimicrobial activity for its use as a mycofumigant (Strobel et al. 2001 ).
Since then, this genus has gradually expanded and to date 18 species have been described based on their morphological and cultural characteristics like formation of ropy mycelium, right angle branching and cauliflower like or nondescript structures, genetic makeup and VOCs produced by them (Worapong et al. 2001 , 2002 , Daisy et al. 2002 , Mitchell et al. 2008 , Gonzalez et al. 2009 , Zhang et al. 2010 , Suwannarach et al. 2010 , Kudalkar et al. 2012 , Meshram et al. 2013 , 2014 , Saxena et al. 2014 , 2015 . Muscodor spp., are of immense value as they possess biological control properties by virtue of the admixture of VOCs produced by them which have lethal effects against plant as well as human pathogenic microbes, insects and nematodes (Strobel et al. 2001 , Schnabel & Mercier 2006 , Mercier et al. 2007 .
Mycofumigation with Muscodor has been done to control the decay of fruits like apples, peaches, strawberries and lemon (Mercier & Smilanick 2005 , Gabler et al. 2006 , Schnabel & Mercier 2006 . The VOCs produced by Muscodor has also been utilized as a soil fumigant to stop damping off and root rot in plants (Stinson et al. 2003 , Suwannarach et al. 2015 . Further, Muscodor also helps in controlling building molds and sewage treatment (Strobel 2006) . Hence exploration of new isolates and taxa of Muscodor is of great interest in exploiting the concept of mycofumigation for multipurpose applications ranging from agriculture to humans.
Muscodor species have been found in endophytic association with various cinnamon plant species (Strobel et al. 2001 , Suwannarach et al. 2010 , 2013 , Saxena et al. 2014 , Meshram et al. 2014 , 2015 . Based on these earlier reports, we undertook a systematic survey to explore the presence of Muscodor species in Cinnamomum camphora plant growing in rain forest areas of North-eastern Himalayas. In this article, we describe a novel endophytic fungus Muscodor camphora (#1639 CCSTITD) based on morphological/cultural characteristics, phylogenetic analysis and VOCs profile.
Materials & Methods

Plant Sample collection and fungal isolation
Healthy and mature plant parts (leaf and stems) of Cinnamomum camphora were collected from the Tiger hill area, Darjeeling, West Bengal during March 2011. Plant samples were kept in sterile packets and stored at 4 C till further use. The fungal isolation was done using Muscodor albus cz620 as a screening tool as reported by Ezra et al. (2004) . Briefly, Potato Dextrose Agar (PDA) was poured into one quadrant of the four sectioned commercially available Petri dish. An actively growing agar plug of M. albus cz620 was placed over the PDA medium while other quadrants of the petriplates contained water agar (WA). The plates were then incubated at 24 °C for four days for VOCs production by M. albus cz620. The plant samples (5 cm) were washed under running tap water; air dried. The plant segment was surface sterilized using 2 % sodium hypochlorite (v/v) for 3 minutes followed by 70 % ethanol (v/v) for 1-2 minutes and 30 % ethanol (v/v) for 45 s under a laminar flow hood. The surface sterilized plant segments were cut into small fragments of 2-3 mm and were then placed in the other quadrants containing WA thereby exposing the plant segments to VOCs of M. albus arising in the plates. The fungi emerging out of the host tissue was aseptically sub-cultured onto a fresh PDA plate so as to obtain pure isolates which were further preserved on PDA slants supplemented with 10 % glycerol (Ezra et al. 2004 , Strobel et al. 2007 , Mitchell et al. 2008 . The metabolically active form of the culture was submitted to the National Fungal Culture Collection of India, Agharkar Research Institute, Pune, India (NFCCI 3236)
Morphotaxonomy
Culture characteristics of M. camphora were studied by growing the fungus on three different media comprising of PDA, WA and SNA (Synthetischer Nahrstoffarmer Agar). Morphotaxonomic studies of the endophytic fungal isolate was done by mounting the culture in lactophenol cotton blue and then observing under a Nikon Stereozoom microscope (Nikon SMZ 745 T) coupled with NIS element D 3.2 software and a Nikon Eclipse Compound microscope (E100). Micrometry was done using ocular and stage scale and further confirmed by Image J software with at least 30 observations per structure. Culture characteristics including appearance, colour, growth rate, pigment and VOCs sterile needle, to the air space above the fungus. Then the fiber with entrapped VOCs was injected in the Shimadzu QP 2010 + gas chromatograph with thermal desorption system TD 20 for 30 s. Fungal volatiles were separated by using RTX column (diphenyl 95%, dimethyl polysiloxane 5 %) with 30 m × 0.25 mm ID and 0.25 mm DF. The column was programmed at 100 °C for 2 min before the temperature was increased to 250 C for 2 minutes and finally to 300 C for 13 minutes. Helium was used as the carrier and the initially the column head pressure was 94.4 KPa. Data acquisition and processing was done on GCMS solution software. The compounds obtained after GC/MS analysis was then subtracted from the control plate consisting only PDA medium. The obtained 18 compounds were then tentatively identified based on their high quality matching with database of National Institute of Standard and Technology (NIST) compounds (NIST05) and compared with all reported species of Muscodor (Ezra et al. 2004 , Kudalkar et al. 2012 Bioassay of VOCs produced by M. camphora Antimicrobial activity of the volatiles produced by M. camphora was tested by using a bioassay method employing 90 mm Petri dish with PDA (Ezra et al. 2004 , Mitchell et al. 2008 . Agar strips (1 cm) were removed to create quadrants as well as to prohibit movement of any diffusible inhibitory compound from the Muscodor sp. to the test microorganism(s) comprising of Colletotrichum gloeosporioides, Rhizoctonia solani, Lasiodiplodia theobromae, Staphylococcus aureus, Staphylococcus epidermidis and Pseudomonas aeruginosa. Into one of the quadrant, an agar plug of actively growing M. camphora was placed. The plates were sealed and incubated at 26 ± 1 C for 5 days for VOCs production. Thereafter, individual test fungi were inoculated by placing a 3 mm plug of 7 day old culture on the rest of the quadrants. Bacteria and yeasts were tested by individual streaking in other quadrants. Correspondingly, the control plates comprised only inoculated test bacteria or fungi and were devoid of M. camphora, allowing it to grow normally. Antimicrobial action of VOCs was determined by monitoring the difference in the growth of microorganisms in test and control plates. All the tests were performed in triplicates and values calculated as mean ± SD. Description -Endophytic in internal tissue of stem of Cinnamomum camphora. The fungal colonies incubated at 26 ± 1 C for 10 days with 12 hours of photoperiod on PDA grow moderately with mean colony diameter of 65.4 ± 1.2 mm (Figs 1a-b). Colonies front and reverse both were white in color, floccose, smooth margined with thick hairy aerial mycelium. Hyphae 3.5 ± 0.7 μm thick, fused to form rope like hyphal strands with branching at right angle (Fig. 1c) . The fungus produced VOCs with fruity smell. The fungus exhibited a variation in colony morphology when grown on different media. Over SNA and WA, the culture formed hyaline colonies which were slow to moderately growing with a mean colony diameter of 58.19 ± 0.91 mm and 36.62 ± 1.23 mm respectively after 10 days of incubation. Microscopic studies revealed that hyphal fabrication was septate and branched at right angle. The average width of the hyphae over SNA and WA medium was 3.16 ± 0.77 µm and 3.1 ± 0.63 µm respectively. Over SNA and WA, the hyphae branched and terminates into coils which were (27.19)-47.41 ± 13.08-(66.93)μm and (37.3)-49. 35 ± 14.17-(73.76) 572 μm wide (Figs 1d-f) . The fungal isolates did not produce any VOCs over SNA and WA. Spores and fruiting bodies did not develop under any of the tested conditions. 
Results
Muscodor camphora
Phylogenetic analysis
The (Fig. 2) .
The number of polymorphic sites (η), nucleotide diversity (π) and number of haplotypes of ITS region are shown in Table 1 . All Muscodor species were grouped in 11 haplotypes. The ITS region exhibited a 19.6 % of nucleotide variation. p-distance of all nucleotide sites of the ITS region sequence comparisons between all the known species of Muscodor sp. and Muscodor camphora (Table 2) was showing data concordant to that of phylogenetic as well as DNA polymorphism data thereby indicating that M. camphora is different from other existing species of Muscodor. Thus, it can be concluded that M. camphora is a new addition to Muscodor genus. 
Scanning electron microscopy
The scanning electron micrographs of M. camphora exhibited the true features of Muscodor species forming long, sterile ropy mycelium that terminates into coils which branches at right angle. The hyphae further fuse to form ropy mycelium (Fig. 3) . M. camphora exhibited variation in morphology from the other type strains of Muscodor Morphologically, Muscodor camphora is different from M. cinnamomi M. sutura, M. crispans which exhibit a cauliflower like sterile structure and possesses ropy coiled mycelia. M. yucatanensis, M. equiseti and M. tigerii has a ropy structure with swollen hyphae whereas Muscodor albus, M. strobelii only exhibits a ropy mycelium without any hyphal coils hence making it different from M. camphora. Muscodor roseus has a dense rose coloured mycelium making it remarkably dissimilar from M. camphor. 
Volatile analysis of M. camphora
Muscodor camphora produced a mixture of 18 volatile compounds which were tentatively identified by comparing the GC/MS spectra in the NIST Database (Table 3) . Of all the compounds produced, tetracontane was the most abundant covering 23.63 % of all the compounds present in the air space of the plate. Other important volatiles produced were N, N-dimethyl-1-pentadecanamine (21.5 %), 4-Octadecylmorpholine (22.2 %) and cis-9 hexadecanal (7.1 %) and decanoic acid decyl ester (5.0 %). Most of the volatiles produced by M. camphora are unique and have not been reported by any other Muscodor species so far.
Bioassay of VOCs produced by M. camphora
The VOCs produced by M. camphora exhibits inhibitory activity against the tested spectrum of bacteria, yeast and fungi. An array of 15 microorganisms was tested, out of which the growth of (Table 4 , Fig. 4) . Muscodor camphora exhibits a fungistatic and bacteriostatic activity, it does not completely kill the microorganisms in the test panel.
Discussion
Identification of Muscodor species till date has been based on three aspects-cultural characteristics (morphotaxomony), Microscopic and SEM based hyphal characteristics, ITS and VOC profile (Strobel 2011; Meshram et al. 2013; Saxena et al. 2015; Siri-udom et al. 2017) . In the present investigation, also, #CCSTITD 1639 was devoid of any reproductive structures like other Muscodor species, light microscopically also it exhibited rope like hyphal strands which branched at right angles. Further the culture plate exhibited a volatile fruity type smell which indicated that it emanated volatile organic compounds. Scanning electron microscopy further confirmed that true features of Muscodor exhibiting a ropy mycelium, which branched at right angles.
Morphologically, Muscodor camphora is different from M. cinnamomi, M. sutura, M. crispans which exhibit a cauliflower like sterile structure and possesses ropy coiled mycelia. M. yucatanensis, M. equiseti and M. tigerii has a ropy structure with swollen hyphae whereas Muscodor albus, M. strobelii only exhibits a ropy mycelium without any hyphal coils hence making it different from M. camphora. Muscodor roseus has a dense rose colored mycelium making it remarkably dissimilar from M. camphora. Further VOC analysis of CCSTITD#1639 exhibited a distinct profile when compared to the reported species of Muscodor. The volatiles produced by the fungus can be broadly categorized into three categories, steroids, terpenoids and aliphatic and aromatic compounds. The first category of compounds comprised of steroids like hecogenin which possess antifungal activity (Jin et al. 2003) . The second category includes phytol and squalene which are terpenoidal in nature having isoprene units in them and are known antibacterial. Phytol is also reported to possess antinociceptive and antioxidant properties. The third category comprised of aliphatic and aromatic compounds having polar groups in them like amines, ethers, phenols acids and their derivatives e.g. 4-octadecylmorpholine, N, N-dimethyl-1-pentadecanamine. Earlier reports suggest that these compounds possess antimicrobial activity. Certain linear hydrocarbons like tetracontane, hexatriacontane and pentatricontane were alsoproduced in abundance by CCSTITD #1639. Hexatriacontane possess radical scavenging property (Marrufo et al. 2013 ). An endophytic fungus belonging to pleosporaceae, bn12 isolated from C. camphora has also been reported to produce mixture volatile metabolites including borneol, indoles, amines, alcohol and acids (Chen et al. 2011) . The VOCs profile of M. camphora is different from the previously reported Muscodor species which dominantly produces esters of propanoic acid, azuelene, naphthalene derivatives and thujopsene. Most of the volatiles produced by M. camphora are unique and thus suggesting it to be a new species of Muscodor. This was further substantiated by antimicrobial bioassay of the VOC's of CCSTITD#1639, which exhibited a fungistatic and bacteriostatic activity as compared to other Muscodor species which exhibited a potent fungicidal and bactericidal activity. Muscodor species including M. albus, M. crispans, M. equiseti, M. fengyangensis, M. musae, M. kashayum, exhibited both antifungal and antibacterial activity whereas M. sutura and M. yucatanensis only showed antifungal activity (Suwannarach et al. 2013 , Meshram et al. 2014 . Further, M. albus, M. crispans and M. sutura completely inhibited the growth of two of the most important pathogens i.e. Pythium and Phytophthora species whereas M. kashayum, M. suthepensis and M. equiseti also checked the growth of Fusarium spp., that are potential plant pathogen leading to huge crop loss. Similarly, the VOCs of M. crispans completely inhibited the growth of drug resistant Mycobacterium tuberculosis (Strobel 2001 , Mitchell et al. 2010 , Meshram et al. 2013 , Suwannarach et al. 2013 ).
580
Final molecular phylogenetic analysis corroborated the earlier findings based on morphological and volatile studies that CCSTITD #1639 is a novel species of Muscodor, wherein it distinctly clustered basal to the clade 1 confirming it to be a distinct species of Muscodor isolated from C. camphora (Fig.2) . This was further substantiated by the DNA polymorphism data of the ITS region (Table 1) .
Conclusion
CCSTITD #1639 exhibited a variety of common features shared by Muscodor species; however, at molecular level it possesses certain distinguishing features, a unique volatile gas chemistry and differing antimicrobial spectrum (Table 5) . Thus, CCSTITD #1639 is introduced as M. camphora, a novel species in genus Muscodor with antimicrobial property.
